An inclusion complex consisting of a boronic acid fluorophore (C1-APB) and β-cyclodextrin (β-CyD) acts as a supramolecular sugar sensor whose response mechanism is based on photoinduced electron transfer (PET) from the excited pyrene to the boronic acid. We have investigated the PET process in C1-APB/CyD complexes by using time-resolved photoluminescence (TRPL) measurements at room temperature, and have succeeded in estimating the electron-transfer time to be about 1 ns. We have also studied the effects of CyDs on the PET process by comparing two kinds of CyDs (α-CyD, β-CyD) under different water-dimethyisulfoxide (DMSO) concentration conditions. We found that the CyDs interacting with the boronic acid moiety completely inhibits PET quenching and increases the monomer fluorescence intensity.
Introduction
Sugars are essential biological molecules that play fundamental roles in metabolism and the maintenance of cell structure. They are also related to cell differentiation and immunity. [1] [2] [3] Because of their important properties, much attention has been paid to the development of simple methods that can quickly recognize sugars in aqueous solution. Enzyme-based sensors are highly selective, but their use for continuous monitoring and in vivo analysis are limited due to their poor thermal and pH stabilities in addition to an essential mechanism that consumes their substrates in the recognition process. Although chemosensors based on boronic acid are not as selective as enzyme-based sensors, they have attracted much attention because of their greater stabilities. 4, 5 Phenylboronic acid can readily form stable cyclic esters with the diol moiety of sugars in water, 6 and various types of boronic acid chemosensors with response mechanisms based on internal charge transfer (ICT), [7] [8] [9] [10] photoinduced electron transfer (PET), [11] [12] [13] and fluorescent resonance energy transfer (FRET) 14 have been developed. The versatile designs of chemosensors based on supramolecular chemistry are another approach to construct novel sugar sensors. [15] [16] [17] We have shown that the boronic acid fluorophore (C1-APB)/β-cyclodextrin (β-CyD) complex acts as a supramolecular sugar sensor. 18 The chemical structures of C1-APB and CyDs are depicted in Fig. 1 . The sensor function originates from changes in the fluorescence intensity with or without sugars. This fluorescence change is shown to be based on the PET mechanism. In our earlier study, 17 we reported that the fluorescence of C1-APB was quenched due to an intramolecular PET from the excited pyrene to the trigonal form of boronic acid, indicating that the neutral boronic acid could act as an electron acceptor from the excited-state pyrene donor (Fig. 2) . However, when the boronic acid was converted to the tetrahedral form by sugar binding, PET quenching was inhibited and the monomer fluorescence intensity increased. The important role of β-CyD is to solubilize the water-insoluble C1-APB by forming an inclusion complex. Although sugar recognition by the C1-APB/CyD complexes is basically understood, as described above, further detailed physical and chemical properties of the intramolecular PET process in C1-APB, such as the electron-transfer rate (or transfer time), have not been elucidated. Moreover, the effect of CyDs on the PET reaction is still unclear, although it is quite important for designing supramolecular CyD chemosensors in aqueous solutions.
In the present work, therefore, we focused on the PET process in the C1-APB/CyD complexes. In order to explore the electron-transfer dynamics in the complexes, time-resolved photoluminescence (TRPL) measurements were performed at room temperature, and the electron-transfer time was estimated to be about 1 ns. We also examined the influence of CyDs on the PET process. Because of the hydrophobic nature of the pyrene fluorophore, C1-APB forms aggregate, which makes it difficult to conduct TRPL measurements. On the other hand, the addition of dimethylsulfoxide (DMSO) and CyDs stably solubilize C1-APB as the sample solutions, and thus makes the TRPL measurements feasible. Moreover, we have investigated how the electron-transfer rate is affected by a difference in the CyD structure. Two types of CyDs with different diameters (α-CyD and β-CyD) were examined; the diameter of the inner cavity of the CyD is 5.7 Å for α-CyD and 7.8 Å for β-CyD. 19 We compared the fluorescence properties of C1-APB containing these CyDs and C1-APB alone in aqueous DMSO solutions; interestingly, the results revealed that CyDs capsulating the boronic acid moiety suppressed the PET process and increased the monomer fluorescence intensity.
Experimental

Reagents and chemicals
2-(4-Phenylboronic acid)-1-pyrenemethamide (C1-APB) was synthesized, as described in previous literature. 20, 21 Water was doubly distilled and deionized by a Milli-Q water system (WG222, Yamato Scientific Co., Ltd., Tokyo, Japan and Autopure WR-600G, Merck Millipore, MA) before use. DMSO was purchased from Dojindo Molecular Technologies, Inc. ).
Apparatus
Fluorescence spectra were measured with a Hitachi F-7000 fluorescence spectrometer (Hitachi, Ltd.) equipped with a 1.0 cm quartz cell. The fluorescence emission from 350 to 600 nm was monitored at an excitation wavelength of 342 nm with a 1.0 nm slit width. The scan speed was 60 nm min -1 . For TRPL measurements, the sample solution was kept in a 2.0 mm × 1.0 cm quartz cell at room temperature.
The excitation light source for TRPL measurements was a second-harmonic generation of a pulse from an optical parametric amplifier seeded by a mode-locked Ti:Al2O3 laser. The pulse width and the repetition rate were 250 fs and 100 kHz, respectively. The central energy was 3.60 eV (344 nm), which corresponds with the excitation energy to the second singlet excited state (S2) of pyrene. We used a streak camera for TRPL measurements. Figure 3 shows the fluorescence spectra of each sample in 60% water-40% DMSO (v/v). C1-APB shows fluorescence at 370 -430 nm with a vibronic structure, which is characteristic of the monomer emission of pyrene. It should be noted that the fluorescence intensity of C1-APB is slightly enhanced in the presence of CyDs. This enhancement suggests that CyDs influence the relaxation processes of C1-APB. We need to clarify further detailed effects of CyDs concerning the relaxation processes of C1-APB. The fluorescence structure of C1-APB is similar to that of pyrene. C1-APB possesses a methyl chain spacer between pyrene and an amide bond; therefore, 1-methylpyrene is a proper reference sample for comparing of the fluorescence lifetime with C1-APB. Figure 4 shows the time-resolved fluorescence intensities for 1-methylpyrene without CyDs in various aqueous DMSO solutions. All solutions show single exponential decay curves; the decay times are around 100 ns. It is well known that the fluorescence lifetime of pyrene is around 311 -400 ns in several organic solutions 22 and 200 ns in aqueous solution. 23 These results indicate that the fluorescence lifetime of 1-methylpyrene is shorter than that of pyrene. Figure 5 shows the temporal evolutions of the fluorescence due to the transition from the first excited singlet state (S1) to the ground state (S0) of pyrene in C1-APB. C1-APB has two electronic relaxation processes for an excited electron in the S1 state, as shown in Fig. 6 . One is relaxation to the S0 state of the pyrene by radiative or nonradiative decay. The other is a PET reaction from the S1 state to the charge-transfer state (CT state) of the boronic acid. Therefore, the PET reaction competes with the decay to the S0 state. Figure 5 (A) shows the decay profiles for each sample in 60% water-40% DMSO (v/v) solution. In the absence of CyD, the fluorescence of C1-APB showed a mono-exponential decay, whose lifetime was ca. 1.3 ns. As shown in Fig. 4 , the fluorescence lifetime of 1-methylpyrene is around 100 ns. Thus, it is clear that the observed short decay time (~ 1.3 ns) does not result from the fluorescence lifetime, but from the PET reaction. In contrast, by containing α-CyD or β-CyD, a long decay time component (about 100 ns) appeared, which is reasonably assigned to the monomer emission of pyrene. The appearance of this component indicates that the PET reaction is partially inhibited by containing CyD.
Results and Discussion
The decay curves with CyDs can be expressed by the bi-exponential function:
where τFL and τPET are the decay time to the S0 state and the electron-transfer time, respectively; χ PET the mole fraction of the species that cause the PET reaction and χ FL the one in which the PET is inhibited, i.e. the mole fraction of the species that shows the fluorescence. This bi-exponential decay means that an equilibrium exists between the two species. Figure 5 (B) shows the result of the same experiments in 80% water-20% DMSO (v/v) solution. In this case, all fluorescence curves show the bi-exponential decay. The bi-exponential decay without CyDs means that the PET reaction is partially inhibited in the 80% water-20% DMSO (v/v) solution. This indicates that the tetrahedral boronate form can coexist at equilibrium with the trigonal boronate form under such a high water concentration (Fig. 2) . The τPET, τFL, and χ FL /χ PET values for all samples are summarized in Table 1 . Figure 7 shows the water concentration dependence of the coefficient rate, χ FL /χ PET , for each sample. The χ FL /χ PET value corresponds to the ratio of the species that inhibit the PET reaction to that which causes the PET. For only the C1-APB solution, χ FL /χ PET slightly increased as the water concentration was increased from 60 to 70%, while almost no dependence was noted for the water concentration above 70%. This indicates that the coexistence of the trigonal and tetrahedral forms of the boronate is allowed in aqueous solution at least over a 60% water concentration. The amount of the tetrahedral form is independent on the water concentration over 70%.
The χ FL /χ PET values of the C1-APB/α-CyD and C1-APB/β-CyD complex solutions were remarkably increased as compared with that of the C1-APB alone, and continuously increased as the water concentration was increased from 60 to 95%. These results clearly demonstrate that the inclusion complex of C1-APB inside CyDs facilitates the inhibition of PET quenching. Consequently, we have found that complex formation with CyDs not only solubilizes the water-insoluble C1-APB, but also partially suppresses PET quenching. Since this effect is crucial for sugar sensors that use fluorescence intensity changes caused by the PET mechanism, we need to clarify which CyDs act as obstacles to the donor (pyrene) or the accepter (boronic acid).
The inner cavity diameter of β-CyD is 7.8 Å, which is large enough to enclose both the boronic acid and the pyrene moieties of C1-APB. Therefore, the C1-APB/β-CyD complex solution has three types of species: one is a monomolecule of C1-APB without a β-CyD (denoted as X type) and two types of the C1-APB/β-CyD complexes in which β-CyD encapsulates the boronic acid (A type) or the pyrene (B type), as shown in Fig. 8 . Here, we ignore C1-APB monomolecules with the tetrahedral forms of the boronate, because their mole-fraction ratio is less than 0.1, even at high water concentrations (Fig. 7) .
In contrast, the inner cavity diameter of α-CyD (5.7 Å) is too small to encapsulate the pyrene moiety, which can enclose only the boronic acid moiety. Therefore, the C1-APB/α-CyD complex solution has only two species (X and A types). The chromophores are known to exhibit a strong induced circular dichromism (ICD) by forming an inclusion complex with CyDs based on the chiral nature of the CyD cavities. [24] [25] [26] Thus, the ICD spectra were examined in 40% DMSO-60% water (v/v) to clarify the types of inclusion complexes (Fig. S1, Supporting  Information) . The results revealed that a strong Cotton effect at around 275 nm and two negative Cotton effects at around 350 nm were noted for the β-CyD complex. In contrast, the Cotton effects were very weak for the α-CyD complex in this wavelength range. The Cotton effects observed for the β-CyD complex were ascribed to the absorption bands of the pyrene moiety based on the UV-Vis absorption bands of methylpyrene shown in Fig S2 (Supporting Information) . Thus, these ICD responses are additional evidence that the inclusion complex of the B-type is only formed in the presence of β-CyD.
However, the obtained values of χ C1-APB/α-CyD complex solutions are almost comparable with that for the C1-APB/β-CyD complex solutions. This fact can be explained only on the assumption that the χ FL component corresponds to the A type, while the χ PET component corresponds to the X and B types. In the C1-APB/β-CyD complex solution, since the amount of X type is very little, we can consider that the solution consists of only A and B types. This assumption is supported by the observed fact that the fast component in the C1-APB/β-CyD complex solution (τ = 2 -3 ns) is longer than those in the C1-APB alone and C1-APB/α-CyD complex solutions (τ -1 ns). This means that the B type complex suppresses the PET by a factor of 2 -3. If the X type and B type coexisted in the C1-APB/β-CyD complex solution, the decay curve would have shown three components. Thus, we have concluded that the CyDs interacting with the boronic acid moiety (A type) completely inhibit PET quenching, which indicates that the CyDs act as obstacles to the accepter in the PET process. On the other hand, the β-CyD that interacts with the pyrene moiety (B type) suppresses the PET reaction only by a factor of 2 -3, which still overcomes the decay path to the S0 state. Therefore, it can be used for a sugar sensor using the PET process.
Conclusions
In this study, the fluorescent property of the phenylboronic acid fluorophore (C1-APB) was examined by comparing the inclusion complexes of C1-APB with two kinds of cyclodextrins (CyDs) in different water contents based on the time-resolved photoluminescence measurements at room temperature. The important results found in the present study are summarized as follows: (1) PET quenching of the fluorescence in C1-APB takes place within 1 ns. However, conversion into the tetrahedral boronate form suppresses of PET reaction and fluorescence recovery. (2) The tetrahedral boronate form, which inhibited the PET quenching, can coexist at equilibrium with the trigonal boronate form in high (> 60%) water concentrations. The ratio of the tetrahedral form to the trigonal one is independent in water concentrations over 70%. PET quenching by a factor of 2 -3. Since this small suppression hardly influences fluorescence quenching in C1-APB, β-CyD can be used for dissolving water-insoluble C1-APB by forming an inclusion complex. These facts demonstrate that boronic acid probe/CyD complexes have a great possibility to realize highly efficient supramolecular sensors based on the PET mechanism in water. 
